Abstract: The O-antigen polysaccharide (OPS) of Rhizobium etli CE3 lipopolysaccharide (LPS) is linked to the core oligosaccharide via an N-acetylquinovosaminosyl (QuiNAc) residue. A mutant of CE3, CE166, produces LPS with reduced amounts of OPS, and a suppressed mutant,
due to the use of three separate reduction steps. Results described below indicate that prereduction (step 1), prior to acid hydrolysis and alditol acetate preparation, may be the major factor leading to efficient C-4 reduction of the acid-labile 4-hexulose residues. During the preparation of alditol acetates by the normal procedure, with only one reduction step following acid hydrolysis, the yield of C-4 deuterated derivatives was barely detectable. For glycosidic linkage analysis, OPS samples were prereduced with NaBD 4 prior to methylation in order to stabilize the reducing end residue. Subsequently, Kdo and uronic acid linkages were identified by sequential permethylation (Hakomori method), reduction of carboxymethyl groups with lithium triethylborodeuteride (Aldrich), remethylation (Hakomori), mild hydrolysis (0.1 M trifluoroacetic acid, 100 °C, 30 min) to cleave any internal ketosidi c linkages, reduction (NaBD 4 ), normal hydrolysis (2 m trifluoroacetic acid, 121 °C, 2 h), conv ersion to the partially methylated alditol acetates (13) , and GC-MS analysis. OPS samples that were not prereduced prior to methylation failed to yield any Kdo derivatives (due to alkaline degradation of the reducing end Kdo residues) and also showed low yields of C-4 deuterium incorporation into the 4-hexulosyl residue.
Chemical Modifications
De-O-acetylation of O-polysaccharides was performed in 10% aqueous NH 4 OH at 23 °C for 5 h. The progress of the reaction was followed by 1 H NMR and matrix-assisted laser desorption ionization-time-of-flight mass spectrometry. Total β-elimination (depolymerization) was performed on portions of the native or de-O-acetylated OPS as follows. The polysaccharide (8-30 mg) was reduced with NaBD 4 (10 mg/3 ml of 0.3 M NH 4 OH) overnight to stabilize the reducing end glycosyl residue and then methyl-esterified by treating three times with methanol containing 1-2 drops of aqueous 1 M HCl and evaporating to dryness. The fully esterified polysaccharide was then treated with aqueous NaOH (0.25 M,38 °C, 18 h), and the products were chromatographed by size exclusion chromatography (SEC) using Bio-Gel P-10 (Bio-Rad) (1.5 X 92 cm) in water, or on a Superdex-Peptide HR 10/30 column (Amersham Biosciences) in 50 mM NH 4 HCO 3 . Column eluants were monitored by refractive index and for the presence of ∆ 4,5 hexuronosyl residues by measuring the absorbance at 232 nm. Fractions containing oligosaccharides were combined and analyzed by electrospray ionization-mass spectrometry (ESI-MS) and GC-MS.
Identification of OPS Reducing End Residue by Reduction with Borodeuteride
The glycosyl residue located at the reducing end of the various OPS fractions was identified by reduction, using borodeuteride in NH 4 OH as described above, followed by normal hydrolysis and peracetylation as described. Derivatives were analyzed using the SP-2330
column. This procedure yields the α/β peracetates of all internal residues and the deuterated alditol acetate of the reducing end residue.
Mass Spectrometry
ESI-MS was performed on a SCIEX API-III triple quadrapole mass analyzer (PE/SCIEX, Thornhill, Ontario, Canada) operated in the positive ion mode with an orifice potential of 35-50 V (5) . Spectra are the accumulation of 10-60 scans collected over the m/z range 200-2400 with a mass step of 0.2-1.0 atomic mass units at 1 ms/step. OPS were desodiated by dialysis, followed by treatment with a strong cation exchange resin (H + form), and then filtered using 0.45-µm nylon spin filters and stored in polypropylene tubes. Underivatized samples were analyzed at a concentration of 2 µg/µl with a flow rate of 3-5 µl/min using a solution of 15% (v/v) methanol in deionized water containing 0.5% (v/v) acetic acid. 
NMR Spectroscopy
Proton NMR spectra of the native and de-O-acylated OPS samples were recorded at 35 °C in D 2 O at 2 mg/ml. Spectra were recorded on a Varian 500-MHz spectrometer using the Varian software.
DNA Cloning and Sequence Determination
The 10. 
Construction of Plasmids pJBQ2 and pJBQ3, Which Complement Allele lpsQ166
A 1.7-kb stretch of DNA that included the lpsQ ORF was amplified by PCR, using CE3
DNA as template. The forward primer was 5'-TTCATCAGGTCTCACATGCA-3', and the reverse primer was 5'-CTTCACTTCGGTACTGTTCG-3'. The resulting PCR product was ligated into plasmid pCR2.1 (Invitrogen), yielding plasmid pJBQ1. It was then subcloned into plasmid vectors pFAJ1700 (to give pJBQ2) and pFAJ1708 (to give pJBQ3). These vectors can be transferred to and replicate in R. etli (15) . pJBQ2 was constructed by inserting an EcoRI fragment from pJBQ1
into the EcoRI site of pFAJ1700. The lpsQ PCR product cloned in pJBQ3 was inserted in pFAJ1708 following digestion of both pJBQ1 and pFAJ1708 by enzymes XbaI and SacI such that the lpsQ ORF would be transcribed downstream of the nptII promoter of pFAJ1708.
Plasmids pJBQ2 and pJBQ3 were transferred from E. coli INVαF' cells into strain CE166 in mating mixtures containing E. coli MT616 and Tra + mobilizer plasmid pRK600 (16) .
Results

NMR Analyses and Initial Comparison of the Parent and Mutant Strain O-polysaccharides
Evaluation of the glycosyl composition of the three different OPSs using standard derivatization procedures (trimethylsilyl methyl glycosides and alditol acetates of neutral and amino sugars) gave results consistent with previous analyses (5, 8) , showing that the OPSs from mutants CE166 and CE166α were greatly diminished in QuiNAc (residue B in Fig. 1 ) compared with the parent strain CE3. The finding of detectable levels of QuiNAc in these preparations differed somewhat from results previously reported for CE166 OPS in which QuiNAc was essentially undetectable (accounting for <5% of parent strain levels) (6) . NMR analysis of the OPSs ( One explanation for the existence of the group III ions in the mutant spectra is that the unidentified component is somewhat labile to the mild acid hydrolysis conditions and is partially removed during this procedure. A second possibility is that the mutant is able to form an R → Fuc → Man → Kdo sequence rather than the normal R → Fuc → Man → QuiNAc → Kdo due, for example, to the direct addition of Man II to Kdo III (residues A and C in Fig. 1 ) by the inner core LpcC mannosyl transferase. If this were the case, then, considering the specificity of LpcC, the Man II residue would be linked to O-5 of Kdo III. However, methylation analysis (not shown)
showed that the mutant OPS contained only the expected 4-linked Kdo, making it unlikely that
LpcC adds a Man to Kdo III.
Identification of 2-Acetamido-2,6-dideoxyhexosyl-4-ulose
The NMR and mass spectrometry data suggested that the mutant OPSs contained an unidentified, N-acetylated component, having a mass very similar to that of QuiNAc. As stated above, composition analyses using standard derivatization procedures failed to reveal any significant differences among the polysaccharides aside from the aforementioned reduction in QuiNAc in both mutant OPSs. Considering the possibility that the unidentified component might also contain a carboxyl or other carbonyl function, in addition to the proposed N-acetyl group, the "carboxyl-reduced" alditol acetates were prepared and analyzed. The results (Table I) confirmed that the OPSs from CE166 and CE166α are greatly diminished in QuiNAc, as expected.
Interestingly, a series of new glycosyl residues were observed that were present only in the mutant OPSs. These residues were identified from their mass spectra as structural 
Labeling and Identification of the Reducing End Residue
In order to identify the glycosyl residues at the reducing end of the various OPS, samples were reduced with borodeuteride and then hydrolyzed and acetylated, yielding the α/β peracetates of all internal residues and the deuterated alditol of the reducing end residue. A comparison of the results obtained for the parent and mutant strain OPSs is shown in Fig. 5 . The parent strain (Fig. 5B) yielded the α/β peracetates of QuiNAc (originating from molecules terminating in Kdo) and the alditol of QuiNAc, indicating that a portion of the parent OPS lacked Kdo, thereby terminating at the reducing end with QuiNAc. These results are consistent with the ESI-MS analyses (Fig. 3A) showing that the parent OPS preparation contains two families of ions consistent with R → Fuc → Man → QuiNAc → Kdo and R → Fuc → Man → QuiNAc structures.
The mutant OPS (Fig. 5A ) preparations yielded the α/β peracetates of QuiNAc (originating from molecules terminating in Kdo), the alditol of QuiNAc (originating from molecules terminating in QuiNAc), and substantial amounts of the alditol of Man (from molecules terminating in Man). In addition, the QuiNAc alditol detected in the mutant OPS co-eluted with a small percentage of its C-4 deuterated analogue (2-acetamido-4-deuterio-2,6dideoxyglucitol), as evident from the mass spectra (analogous to that shown in Fig. 5 ). The occurrence of the C-4-deuterated alditol supports the conclusion that the 2-acetamido-2,6dideoxyhexosyl-4-ulose residue is at the same location in the mutant OPS as is QuiNAc in the parent OPS. In the mutants, the presence of OPS molecules terminating in Man (Fig. 3B) or Man-ol (following reduction) (Fig. 4) is again attributed to acid lability of the 4-hexulose residue. The low yield of 4-deuterio-HexNAc derivatives observed in the mutant OPS using this protocol is probably due to incomplete reduction of the 4-keto group (due to only a single reduction step) and subsequent degradation, resulting in OPS with the reducing end Man residue. Thus, the unique structures observed in the mutant OPS are
Depolymerization of the OPSs and Analysis of Oligosaccharides
To further characterize the outer core glycosyl sequence at the reducing end of the mutant OPSs, the OPSs were subjected to alkali-catalyzed β-elimination. It was previously
shown that treating the parent strain OPS with alkali causes β-elimination of the uronosyl residues, leading to depolymerization of the repeating units and leaving the nonrepeating oligosaccharide regions of the OPS, lacking uronic acid, essentially intact (5 This procedure was applied to both the CE166 and CE166α OPS, and the resulting alkali-resistant oligosaccharides were fractionated by SEC and then analyzed by ESI-MS, glycosyl composition, and linkage analyses. Two major SEC fractions were obtained for both the CE166 and CE166α mutants, and their ESI-MS spectra are shown in Fig. 6 . Each SEC fraction consisted of a number of oligosaccharides, and their observed ions and proposed formulas are summarized in Table II . Both mutant OPS yielded several unique oligosaccharides, in addition to products identified previously in the parent OPS (5). One of these unique oligosaccharides (OS-1) has a mass (m/z 794.5) supporting a R → Fuc → Man-ol structure, consistent with the data described above. This oligosaccharide was abundant in the mutant spectra, particularly in the lower molecular weight SEC fraction (Fig. 6B) , and was detected only at low levels in the parent strain spectrum (not shown). Other oligosaccharides, detected only in the mutant spectra, serotypes O6 and O5 (17) . All three predicted proteins align throughout their sequences (Fig. 7B) , the closest alignment being between WbpV and LpsQ (47% identity, 64% similarity). As noted in lpsQ is flanked by two ORFs homologous to highly conserved eubacterial genes, murB and ddlB, whose transcription is oriented oppositely to that of lpsQ (Fig. 7A) . murB and ddlB are involved in peptidoglycan synthesis and are generally contiguous in the genomes of other α-proteobacteria (21-24); murB encodes UDP-N-acetylmuramate dehydrogenase, and ddlB encodes D-alanylalanine synthase. The 63 amino acids encoded by the deduced ddlB fragment were 76% identical and 87% similar to the N-terminal 63 amino acids encoded by the presumed ddlB of Sinorhizobium meliloti (25) . The 279 amino acids encoded by the deduced murB fragment were 76% identical and 87% similar to the corresponding C-terminal amino acids encoded by the presumed murB of S. meliloti (25) .
A PCR product from wild-type R. etli strain CE3 containing lpsQ that extends from nucleotide 260 to 1969 in Fig. 7A , was cloned into broad host vectors pFAJ1700 and FAJ1708.
When either construct was transferred into strain CE166, normal LPS I abundance, normal QuiNAc content, and normal symbiotic proficiency were restored (data not shown).
Discussion
The OPSs released by mild acid hydrolysis of the LPSs from the R. etli CE3 mutants, CE166 and CE166α, were shown to have the following structures: (28) . In all reported occurrences, the glycose is 3-linked and is part of a repeating unit that comprises a polysaccharide. In the case of the R. etli CE166 mutant, the glycose occurs as a single residue in the outer core portion and is not part of the OPS repeating unit. To our knowledge, this is the first example of a core region glycose residue being replaced by its biosynthetic precursor.
The relative amounts of these two structures present in these LPS preparations from CE166 and CE166α can be estimated from the composition data shown in Table II . This calculation is based on the assumption that the OPS from the parent exists exclusively as structure 6 and, therefore, that the level of QuiNAc in the parent OPS represents the total molar fraction amount of QuiNAc present in an OPS preparation in which all molecules contain QuiNAc.
Thus, in CE166 the percentage of structure 6 can be calculated from the mutant to parent molar QuiNAc ratio (see Table I ), 0.13/0.62 or 21%, which implies that structure 7 comprises the remainder of the CE166 LPS, or 79%. Similarly, in the CE166α OPS, the percentages of structures 6 and 7 are 10% (0.06/0.62), and 90%, respectively.
The presence of small amounts of structure 6 in the mutant OPSs is a slightly different result from what would have been predicted from our previous report (8) In the major mutant structure 7, the QuiNAc residue normally present in the parental LPS (i.e. structure 6) has been replaced by its presumed 4-keto precursor, 2-acetamido-2,6-dideoxyhexosyl-4-ulose. Since QuiNAc is an essential sugar involved in joining the OPS to the core region of the LPS, the presence of the 4-keto precursor in place of QuiNAc suggests that the UDP-QuiNAc transferase is able to use UDP-2-acetamido-2,6-dideoxyhexosyl-4-ulose as a substrate. The lower level of OPS in CE166 compared with that in the parent CE3 would imply that this transferase uses UDP-N-acetyl-2-amino-6-deoxyhexosyl-4-ulose less efficiently than UDP-QuiNAc; i.e. it is likely not to recognize the 4-ulose as well as QuiNAc. The fact that CE166α, which contains multiple copies of the lps α-region, produces LPS with close to the normal level of OPS but containing N-acetyl-6-deoxyhexosyl-4-ulose in place of QuiNAc suggests that this transferase may be located on the lps α-region, and its overexpression allows more OPS to be made and subsequently added to the LPS core region.
The suggested biosynthetic pathway of D-QuiNAc is shown in Fig. 9 . In this pathway, UDP-GlcNAc is converted into UDP-QuiNAc by two enzymatic activities: a 4,6-dehydratase, which forms UDP-N-acetyl-6-deoxyhexosyl-4-ulose from UDP-Glc-NAc, and a reductase, which stereospecifically reduces UDP-N-acetyl-6-deoxyhexosyl-4-ulose to UDP-QuiNAc. This work provides evidence for the assignment of LpsQ to the second step of QuiNAc synthesis (Fig. 9) , since the lpsQ mutation allows the synthesis of the keto intermediate and highly abrogates the production of QuiNAc itself.
In vitro studies with two proteins have indicated that a single enzyme may catalyze both of the above steps in the synthesis of D-QuiNAc from D-GlcNAc (30-32). These two proteins are encoded by genes wbpM of P. aeruginosa (30) and flaA1 of Helicobacter pylori (31) . However, the predicted LpsQ ORF exhibits very little sequence similarity to these proteins. In paired comparisons by the Blast2 program (www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html), the FlaA1 sequence yields an alignment with LpsQ of low significance ("expect value" e-3), and this program finds no significant overall homology between LpsQ and WbpM. By contrast, FlaA1 and
WbpM sequences align in a clearly significant manner (giving an expect value of 2e-25). They would appear to be in a different subfamily of the NDP-sugar dehydratase/epimerase/reductases within the larger family of short-chain dehydrogenase/reductases (20) . There is also a recently proposed pathway for synthesis of L-QuiNAc, involving five steps catalyzed in vitro by three enzymes (33) . In Blast2 and ClustalW analysis, LpsQ shows little or no significant sequence similarity to any of the proteins thus far assigned to this pathway.
Despite the existence of the apparently bifunctional enzymes WbpM and FlaA1, it still seems plausible that QuiNAc may be synthesized through the action of two separate enzymes, a dehydratase and a reductase (Fig. 9) . However, if such is the case in R. etli, it is surprising that the gene for the first step (the hydratase) appears not to be contiguous with lpsQ. It was already surprising that lpsQ was not closely linked with other genes of R. etli CE3 that are required for its LPS core and O-antigen (3, 8, 34 ). However, it should be pointed out that many of the genes for LPS core synthesis in R. etli have not been identified. It also should be pointed out that R. etli appears to be especially prone to gene duplications and transpositions of small and long segments of DNA (29) . There may be another (less active) copy of lpsQ, which is contiguous with an unduplicated gene that specifies the first step in Fig. 9 . lpsQ appears to reside within a suite of cell wall synthesis genes. Generally, murB and ddlB are contiguous in other α-proteobacteria; however, there is precedent for an insertion between them. In S. meliloti, two hypothetical genes have been inserted between ddlB and murB (25) . These two hypothetical genes, coding for an aquaporin and a possible transport protein, as with lpsQ, are also not related to cell wall synthesis proteins. It is possible that this site may be a target for a type of transposition event that inserts various genes.
A number of subtle structural changes have been reported to occur to the OPS portion of R. etli CE3 LPS during symbiosis. These changes have been detected using monoclonal antibodies that are specific to the OPS portion of the LPS and involve methylation of the Fuc residues (8, 13, 35) . During nodulation, the reactivity of the OPS for two of four mAbs greatly decreases (36) . The binding of these mAbs involves, in part, the terminal capping TOMFuc residue (35) and a 2MeFuc residue 2 either in the repeat unit or in the outer core region (see the structure shown in Fig. 1 ). The CE166 and CE166α mutants do not differ from the parent with regard to their ability to bind these mAbs, and therefore, there apparently is no difference from the parent OPS in these fucosyl residues. Indeed, strain CE166α (8) produces parental levels of OPS, which, while deficient in QuiNAc, has a structure that is otherwise the same as the parent The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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Figure 2
The proton NMR spectra of the OPS from R. etli CE3 LPS (A) and the OPS from R. etli
CE166 LPS (B)
The resonances for the anomeric, methoxyl, C-6 methyl, and N-and O-acetyl methyl protons are as indicated.
Figure 3
Positive ion ESI-MS spectra of the intact (native) OPS released by mild hydrolysis from the parent strain CE3 (A), and the CE166 mutant (B). and two additional methyl groups (+m/z 14). Such differences could arise from variations in the mild acid hydrolysis conditions, storage time of the OPS in solution, or normal batch to batch variations in LPS. In B, the CE166 mutant OPS contains a third ion family, representing one aspect of the mutation (see "Results"). The spectrum of the CE166α OPS (not shown) is similar to that of CE166. Q, QuiNAc; X, analogue of QuiNAc; M, mannose; K, anhydro-Kdo; R, the repeating unit portion of the OPS. The anhydro forms of Kdo are generated during the mild hydrolytic release of OPS (5).
Figure 4 GC-MS analysis of the amino sugar components in parent and mutant strain OPSs
A, comparison of the total ion chromatograms of the carboxyl-reduced alditol acetates derived from the parent (top) and CE166 mutant (bottom) OPSs; the arrows mark the location of deuterated analogues of QuiNAc. Minor components eluting between 52 and 57 min are by-products of the Kdo derivatization. B, electron impact mass spectrum and fragmentation scheme of one of the deuterated amino sugar analogues detected in the CE166 and CE166α mutant OPSs. It is noteworthy that traces of the C-4 deuterated alditols were also detected during the preparation of the normal alditol acetates; however, their yields were increased during preparation of the carboxyl-reduced derivatives, a procedure that involves two additional treatments with borodeuteride (see "Experimental Procedures").
Figure 5 Labeling and comparison of the reducing end residues of the OPSs by GC-MS analysis
The native OPSs were reduced with borodeuteride and then hydrolyzed and acetylated, yielding the peracetates of all internal residues and the deuterated alditols of the reducing end residues. A, the CE166 mutant OPS yields a small amount of QuiNAc-ol, co-eluting with 4-deuterio-QuiNAc-ol (identified from the mass spectrum of its alditol acetate), and Man-ol. The α/β peracetates of QuiNAc, and 4-deuterio-QuiNAc (which co-elute) were also observed; B, the parent strain OPS yielded primarily the QuiNAc α/β peracetates and lesser amounts of QuiNAc-ol, confirming the structural assignments for the ion families obtained by ESI-MS (see Fig. 3 ). The Kdo alditol derivative, visible in Fig. 4 , is not produced under these conditions (see "Experimental Procedures"). All three OPS samples contained a percentage of molecules terminating in Kdo, revealed by the "carboxyl-reduced alditols" (Fig. 4) and by the ESI-MS analysis (Fig. 3) .
Figure 6
Positive ion ESI-MS spectra of oligosaccharides derived from base-catalyzed β -elimination of the CE166 mutant OPS.
The OPS was prereduced with borodeuteride to stabilize the reducing end to alkali, subjected to β-elimination, and fractionated by SEC. The two major SEC fractions were analyzed: the higher molecular weight fraction that is enriched in oligosaccharides originating from the reducing end of the OPS and terminating in anhydro-Kdo or Kdo-ol (A) and the lower molecular weight fraction that is enriched in reducing end oligosaccharides terminating in Man-ol, QuiNAc-ol, or 2-N-acetamido-4-deuterio-2,6-dideoxyhexitol (B). These oligosaccharides represent different forms of the reducing end of the OPS; all reducing end residues have been reduced with borodeuteride except for those terminating in 2,7-anhydro-Kdo residues, which arise during the mild hydrolytic release of the OPS (5) and resist reduction. All of these oligosaccharides terminate at the nonreducing end with a 4-deoxyhex-4-enopyranosyluronic acid residue, resulting from elimination of the 4-O-substituent from the glucuronosyl residues (5). All molecular ions are of the formula (M + H) 1+ , and their structures are summarized in Table II . Oligosaccharides originating from the nonreducing end of the OPS co-eluted during SEC and are also visible in the spectra; their masses and structures are identical to those described previously for the parent OPS (5) The numbers refer to nucleotides, with position 1 on the leftmost end being the first of the 2971 nucleotides whose sequence was determined at this locus. A stretch of 34 nucleotide pairs upstream of ddlB (nucleotides 431-465) are almost exactly conserved between S. meliloti, Agrobacterium tumefaciens, and this R. etli sequence. This stretch is probably the promoter for ddlB; it has a very strong match with consensus σ70-type promoters. A weaker match with σ70-type promoters, oriented toward lpsQ, is indicated by P?. Above the predicted ORFs is shown the expanse of DNA that was amplified from wild-type strain CE3 by PCR, which restores CE166 to LpsQ+ phenotypes when cloned in vectors pFAJ1700 and pFAJ1708. B, alignment of the predicted LpsQ amino acid sequence with the sequences of two homologs from P. aeruginosa by use of the ClustalW program (37) (available on the World Wide Web at www.ebi.ac.uk/clustalw/index.html). Boldface letters within shaded areas indicate the GXXGXXG motif for NAD(P) binding and the SX n YX 3 K residues commonly found at the active sites of enzymes in the SDR superfamily (e.g. residues 114, 139, and 143 of LpsQ). The boxed string of identical residues near the C terminus may participate in substrate specificity. It differs greatly from a stretch of residues that are conserved among fucose synthetases at the same place in alignments of the polypeptide sequences (38) .
Figure 8
The outer core structures observed in the LPSs from R. etli CE3, and mutants CE166 and CE166α
Figure 9
The suggested biosynthetic scheme for the synthesis of UDP-QuiNAc
